Amorphous carbon (a-C) has been shown to be intrinsically p-type, and polymeric a-C ͑PAC͒ possesses a wide Tauc band gap of 2.6 eV. We have replaced the p-type amorphous silicon carbide layer of a standard amorphous silicon solar cell with an intrinsic ultrathin layer of PAC. The thickness of the p layer had to be reduced from 9 to 2.5 nm in order to ensure sufficient conduction through the PAC film. Although the resulting external parameters suggest a decrease in the device efficiency from 9.2% to 3.8% due to a reduced value of open-circuit voltage, the spectral response shows an improvement in the 400-500-nm wavelength range, as a consequence of the wider band gap of the PAC layer.
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Hydrogenated amorphous silicon (a-Si:H) is a commonly used thin-film semiconductor for solar cell applications. It possesses a Tauc band gap of 1.7 eV, so that the peak in absorption occurs at the optimum energy for coupling to the solar spectrum. However, the performance of the p -i -n structure may be reduced due to the decrease in the band gap of the p layer due to doping, which results in greater optical absorption within this layer and therefore impaired device efficiency, particularly at shorter wavelengths. This is partially overcome with the use of p-type amorphous silicon carbide (a-SiC:H), which possesses a wider Tauc band gap of 1.95 eV.
Amorphous carbon (a-C) is a potential candidate for this layer as it has been documented that it is intrinsically p-type. 1, 2 Working solar cells comprising n-C/p-Si heterojunctions have been demonstrated. 3 In particular, polymeric amorphous carbon ͑PAC͒ possesses a wide Tauc band gap of ϳ2.7 eV, 4 which results in reduced absorbance at shorter wavelengths. Furthermore, both the electronic properties and band gap may be optimized 5, 6 by varying the ratio of the sp 2 and sp 3 hybridized phases. Transport at room temperature has been attributed to hopping between sp 2 clusters, 7 as the gap states are highly localized. 8, 9 However, the low-mobility localized conduction properties of these films are not applicable if an ultrathin a-C layer is grown. This would allow the holes to tunnel from the transparent conducting oxide ͑TCO͒ contact through to the i-a-Si:H layer. It is already possible to improve the blue response of a-Si:H solar cells by growing a boron-doped a-C layer onto an a-SiC:H layer. 10, 11 In this letter, we show that if the a-SiC:H layer is replaced by an ultrathin a-C:H layer an enhanced spectral response at short wavelengths is observed. This demonstrates the possible use of a-C:H thin films as a layer in a-Si:H solar cells.
The standard p -i -n a-Si:H solar cells were deposited using rf-plasma-enhanced chemical vapor deposition ͑PECVD͒ onto Asahi U-type TCO. 12 The layer of PAC was prepared using room temperature rf-PECVD, in a manner described previously. 13 These films possessed a Tauc band gap of 2.6 -2.7 eV, a resistivity of ϳ10 14 ⍀ cm, and a refractive index of 1.6. The device structure is shown in Fig. 1 . For the back contact, Ag was used in order to obtain optimal reflection. The solar cells were characterized by measuring the external parameters under AM1.5 illumination and the spectral response. From the latter, the quantum efficiency of the cell was extracted.
The external parameters of the p-PAC/i-a-Si:H/n-a-Si:H solar cell, as compared to a standard p-a-SiC:H/i-a-Si:H/n-a-Si:H device, are shown in Table I . The thickness of both p-type layers is also shown for comparison, and it was found that utilizing a thicker layer of PAC ͑5 nm͒ resulted in a vastly reduced photogenerated voltage. This is likely to be due to the high resistivity of the PAC film that would reduce the current to the transparent conducting oxide contact. Also, while the efficiency of the cell has been reduced from 9.2% to 3.8%, there is little variation in the value of short-circuit current density (J sc ), which re- 
To examine reasons for the lower V oc value, we used previously obtained I -V data for PAC thin films as a function of temperature, where, by fitting to an Arrhenius dependence, an activation energy value of 0.7 eV was derived. This was attributed to the energy difference between the Fermi level and the valence-band density of states.
14 Using this value, and values of 1.7 eV for the band gap of amorphous silicon and 0.2 eV for the activation energy of n-type a-Si:H, 15 we have constructed a band diagram that is shown in Fig. 2 . Due to the fact that the conductivity is low within PAC, a significant potential is expected to be dropped over it.
In the theoretical case, for the standard a-SiC:H-containing solar cell assuming the parameters shown earlier and a value of activation energy of 0.3 eV for p-type a-Si:H, the internal voltage within the i layer at zero bias is 1.2 V, which equals the voltage required for the flatband condition to occur. Due to the injection of charge from both electrodes, a positive current is measured at this voltage. The V oc condition is observed at a lower voltage, when the current swept out of the device due to the internal electric field equals the current injected into the device, and has been measured here to be 0.8 V. In the case of the PAC-containing device, the Fermi level is 0.7 eV above the valence-band edge. Therefore, the flat-band condition would be expected to occur at 0.8 V. Assuming that the charge injection is similar in this device, V oc would be expected to be correspondingly smaller, and is measured here to be 0.4 V. Therefore, this value is consistent with a greater hole activation energy for PAC as compared to p-type a-SiC:H. Figure 3 shows the I -V characteristics for a device containing an a-C:H p layer as opposed to one containing an a-SiC:H p layer. In this case, it is clearly observed that a smaller value of V oc will result in a smaller I -V product, and therefore will be expected to reduce the cell efficiency. Therefore, the interpretation outlined earlier suggests the reduction of built-in potential and therefore V oc , and hence the efficiency, of the device.
The variation in quantum efficiency ͑QE͒ with incident light wavelength, for different bias voltages, is shown in Fig.  4͑a͒ for the device containing an a-C:H p layer and in Fig.  4͑b͒ for one containing an a-SiC:H p layer. It may firstly be observed that in the case of Fig. 4͑a͒ , however, there is a reduction in QE with an applied bias of only 0.28 V, as opposed to a value of 0.6 V for the a-SiC:H containing cell shown in Fig. 4͑b͒ . This may be explained by observing Fig.  3 , which shows that at a bias voltage of 0.28 V, the current starts to rise for the a-C:H containing cell, resulting in a lower I -V product and hence a reduced QE. In the case of the a-SiC:H-containing cell, the current starts to rise above 0.6 V, which would result in a similar decrease in QE. The second and most important point to note, however, is that for devices with an applied voltage of Ϫ0.5 V, the QE in the 400-500-nm wavelength range increases from 0.62 to 0.82 for the a-C:H-containing cell, as compared with 0.58 -0.82 for the a-SiC:H-containing cell. This demonstrates a small but noticeable increase in the QE over this wavelength range, and may be attributed to the fact that the p-type layer possesses a wider band gap in the case of the a-C:H-containing cell than for the a-SiC:H-containing cell. We have also shown that a tunneling current in the low-mobility p-type PAC layer may be used effectively for photovoltaic applications.
In conclusion, the p-type a-SiC:H layer of a standard amorphous silicon solar cell has been replaced with polymeric amorphous carbon, and a working photovoltaic device has been demonstrated. At a p layer thickness of 2.5 nm, the layer is thin enough for conduction to take place through to the TCO contact, but with larger thicknesses, the high resistivity of the material results in no photovoltaic effect. Although the measurements shown here demonstrate a decrease 
